A B S T R A C T We report identification of a unique class of human hemopoietic colony-forming cells with extensive ability to generate progenitors for secondary colonies. Mononuclear cells isolated from human umbilical cord blood formed colonies consisting of 40-500 blast cells after 25 d of incubation in methylcellulose culture in the presence of erythropoietin and medium conditioned by phytohemagglutinin-stimulated leukocytes. Replating of these blast cell colonies revealed that 100% of the primary colonies had the ability to generate secondary colonies, including multipotential colonies. These colonies could be distinguished from other hemopoietic colonies in situ by the complete absence of signs of terminal differentiation. Replating of granulocyte-erythrocyte-macrophage-megakaryocyte (GEMM) colonies, consisting of an average of 2 X 104 cells, revealed less capacity for secondary colony formation. This human blast cell colony assay may provide a method for quantitation of more primitive hemopoietic stem cells than progenitors for GEMM colonies (CFU-GEMM) in man.
INTRODUCTION
An in vitro assay system for pluripotent hemopoietic stem cells that possess the capacity to self-renew and provide differentiated progenies has been pursued by investigators for several years. Recently, Johnson and Metcalf (1) and our group (2) described mouse hemopoietic progenitors that are capable of differentiation in more than three cell lineages in culture. Subsequently, human multipotential hemopoietic progenitors that show differentiation in granulocyteAddress reprint requests to Dr. Ogawa, VA Medical Center.
Received for publication 2 erythrocyte-macrophage-megakaryocyte (GEMM)' lineages were identified in cell culture (3) . Detailed studies of the potentials for self-renewal and secondary colony formation have been performed using these large multilineage colonies (4) (5) (6) .
We recently identified a class of mouse hemopoietic colony-forming units (CFU) that appear to be more primitive than CFU-GEMM in the hierarchy of stem cells (7) . The colonies consisted of <1,000 blast cells and could be distinguished from other hemopoietic colonies in situ by the complete absence of signs of terminal differentiation. Replating of these colonies revealed their extensive self-renewal capacity and ability to generate secondary colonies, many of which were multipotential in nature. Comparison of the progenitor incidences between the stem cell colonies and GEMM colonies indicated that the progenitors for the stem cell colonies are more primitive than CFU-GEMM. In this communication, we report our observations on human hemopoietic colonies consisting of only blast cells, many of which are hemopoietic progenitors.
METHODS
Clonal cell culture. Mononuclear cells isolated from umbilical cord blood samples were cultured at a concentration of 2 X 104 cells/ml by using a modification (8) of the methylcellulose culture described by Iscove et al. (9) . We used 2 U of partially-purified human urinary erythropoietin with a specific activity of 840 U/mg protein (kindly provided by Dr. Makoto Kawakita, Kumamoto University, Kumamoto, Japan) and 5% (vol/vol) medium conditioned by phytohemagglutinin-stimulated leukocytes. Dishes were incubated at 370C in a humidified atmosphere flushed with 5% CO2 in air. Megakaryocyte colonies were scored on day 10, blast cell colonies on day 25, and all other colonies on day 16 of ' Abbreviations used in this paper: CFU, colony-forming units; GEMM, granulocyte-erythrocyte-macrophage-megakaryocyte; GM, granulocyte-macrophage.
culture. Megakaryocyte colonies were identified using the criteria described previously (10) . Colonies considered to contain two or more cell lineages were individually lifted from the dishes, centrifuged onto slide glasses by use of a cytocentrifuge, and stained with May-Grunwald Giemsa for determination of cellular compositions. Characterization of granulocyte-macrophage-megakaryocyte colonies and erythro-eosinophil colonies has been presented previously (8, 11) .
Replating experiments. On day 16 and day 25 of culture respectively, individual GEMM colonies and individual blast cell colonies, which were clearly isolated from other colonies, were lifted from the methylcellulose medium using a 3-,ul Eppendorf pipette under direct microscopic visualization and were suspended in 0.2 ml a-medium. After gentle pipetting, samples were divided into two aliquots; one-half to be processed for morphologic examination of constituent cells and the other half to be added to culture dishes containing 0.9 ml methylcellulose culture medium with conditioned medium and erythropoietin. The size of individual blast cell colonies was determined by direct cell counting in situ. The size of GEMM colonies was determined by counting in hemocytometer chambers and on the cytocentrifuge preparations as we described previously (8) . differentiation; i.e., the red color of hemoglobin, large colonies we previously described (7) . When these colmegakaryocytes and neutrophilic granulocytes rec-onies were stained with May-Grunwald Giemsa, only ognizable by their polygonal shape. A large GEMM blast cells were seen (Fig. 1B inset) . These cells were colony seen on day 16 of culture is shown in Fig. IA . negative with benzidine, myeloperoxidase, Luxol-fast When culture was continued beyond 16 days, some blue and alcian-blue-safranin staining. The incidence colonies completely disintegrated and almost all col-of the human blast cell colonies was 0.9±0.4 per 2 onies showed signs of cell degeneration. On day 25 of X 104 mononuclear cord blood cells. culture, only four types of colonies were recognizable;
RESULTS
Replating experiments. The ability of the human partly degenerated eosinophil colonies, macrophage blast cell colonies to generate a large number of seccolonies, megakaryocyte colonies consisting of >50 ondary colonies including mixed hemopoietic colonies megakaryocytes (10) , and colonies consisting of 40-was determined by replating experiments. The results 500 loosely arranged, round cells with no signs of ter-of replating of a total of 30 blast cell colonies are preminal differentiation (Fig. 1B) . The appearance of the sented in Table I . All colonies contained significant latter colonies was identical to that of mouse stem cell numbers of granulocyte-macrophage CFU (CFU-GM). Blast, blast cell colonies; B, erythroid bursts; GM, colonies containing neutrophilic granulocytes and/or macrophages; M, megakaryocyte colonies; Eo, eosinophil colonies; GEM, colonies containing erythrocytes, neutrophilic granulocytes and/or macrophages; EM, colonies containing erythrocytes and megakaryocytes; EEo, colonies containing erythrocytes and eosinophils; GMM, colonies containing macrophages, megakaryocytes, and/or granulocytes. 12 of the 30 blast cell colonies produced GEMM colonies. An average of 18% of the constituent cells of individual blast cell colonies proved to be hemopoietic progenitors. Varying combinations of differentiation capabilities were observed. However, we were unable to detect lymphoid colonies in the replating experiments. Two blast cell colonies produced one or two colonies consisting of only blast cells. The morphology of these colonies was confirmed by staining, but tertiary culture resulted in extremely poor growth of colonies. For comparison, we replated 25 GEMM colonies that were present in the same culture dishes as groups E and F in Table I . The results are presented in Table  II . Despite the large number of constituent cells in the GEMM colonies, the incidences of hemopoietic progenitors were significantly lower than those presented in Table I . For example, not all of the GEMM colonies produced secondary GM colonies, and the number of CFU-GEMM in individual GEMM colonies were clearly fewer than those in blast cell colonies.
DISCUSSION
In this report, we have presented evidence for the presence, in human umbilical cord blood, of progenitors for the colonies that resemble murine stem cell colonies. The notion that these progenitors are more primitive in the stem cell hierarchy than CFU-GEMM was suggested by the following observations: (a) cells constituting the blast cell colonies possess slower proliferative rates than those in GEMM colonies, since only an average of 168 cells were produced in the blast cell colonies after 25 d of culture. GEMM colonies attained an average size of 2.0 X 104 cells after 16 d of incubation. This slow proliferative rate of cells in the blast cell colonies is in agreement with the general concept in hemopoiesis that the primitive stem cells are quiescent. (b) Whereas cells in GEMM colonies revealed the signs of terminal differentiation after 16 d of culture, those in the blast cell colonies showed no differentiation even after longer incubation (c) The replating of the blast cell colonies revealed a higher capacity for producing secondary colonies than GEMM colonies.
We did not identify lymphoid colonies in the replating experiments of blast cell colonies. Recently, Messner et al. (12) reported the presence of T lymphocytes in human mixed hemopoietic colonies grown in the presence of T lymphocyte conditioned medium. Abbreviations of the types of colonies are as described in Table I .
Human Blast Cell Colonies
These observations may suggest that, if there is a common lympho-hemopoietic origin, commitment to a lymphoid lineage may be later than CFU-GEMM. Sequential replating of hemopoieic blast cell colonies in a system permissive for both lymphoid and hemopoietic expression may clarify the origin of the lymphocytes detected in the hemopoietic colonies. Stem cells must maintain their own population and provide cells for differentiation. 2 of the 30 human blast cell colonies formed secondary colonies that resembled the parent colony. All of the colonies produced secondary colonies, with GM the most frequently observed. The value of such an analysis depends upon the ability of the culture system to support the growth of these cells. Thus far, the incidence of multipotential progenitors in human blast cell colonies is lower than that we recently reported for mouse cells. Human hemopoietic progenitors have traditionally been more difficult to assay. In fact, we have failed to identify blast cell colonies in culture of adult marrow or peripheral blood cells. This may be due to lower incidences of progenitors for blast cell colonies. Alternatively, it may be reflecting technical limitations of the current assay system. During the long culture period for blast cells, the semi-solid medium can dehydrate and important nutrients and growth factors may decay or be consumed. Further improvement of the replating conditions is necessary for confirmation of the self-renewal capacity of human blast cell colonies.
